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Gap junctionConnexin-43 (Cx43) is a membrane phosphoprotein that mediates direct inter-cellular communication by
forming gap junctions. In this way Cx43 can inﬂuence gene expression, differentiation and growth. Its role
in adipogenesis, however, is poorly understood. In this study, we established that Cx43 becomes highly phos-
phorylated in early adipocyte differentiation and translocates to the plasma membrane from the endoplasmic
reticulum. As preadipocytes differentiate, Cx43 phosphorylation declines, the protein is displaced from the
plasma membrane, and total cellular levels are reduced via proteosomal degradation. Notably, we show
that inhibiting Cx43 degradation or constitutively over-expressing Cx43 blocks adipocyte differentiation.
These data reveal that transient activation of Cx43 via phosphorylation followed by its degradation is vital
for preadipocyte differentiation and maturation of functional adipocytes.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Gap junctions mediate intercellular communication by coordinat-
ing the transfer between adjacent cells of molecules less than 1000 Da
in size, such as ions, amino acids, nucleotides, second messengers
(e.g., Ca2+, cAMP, cGMP, IP3), and various metabolites [1–3]. Various
stimuli are responsible for gating these channels, including voltage
changes, pH and phosphorylation [1–4].
Gap junction formation begins when six connexin proteins oli-
gomerize into a hexameric hemi-channel, or connexon, in the endo-
plasmic reticulum. This complex is then transported through the
Golgi and exported to the plasma membrane, where hemi-channels
are available for gap junction assembly [5]. Formation of gap junc-
tions occurs when a connexon from one cell pairs with a connexon
from an adjacent cell [6,7].
An association between gap junction communication (GJC) and the
differentiation of myoblasts and osteoblasts has been reported by sev-
eral groups [8–11]. Inhibition of GJC by 18-α-glycyrrhetinic acid (AGA),
a nontoxic reversible inhibitor of GJC, interfered with the progression of
pre-osteoblastic MC3T3-E1 cells to an osteoblastic phenotype [10]. Like-
wise, Balogh et al. [8] reported that expression of Cx43, an abundant
connexin that is expressed in most tissues, decreased during therch Centre, 351 Tache Avenue,
; fax: +1 204 237 4018.
rights reserved.differentiation of L6 skeletal myoblasts. Concomitantly, the GJC activity
characteristic of myoblasts disappeared as myogenesis progressed.
Adipocytes are derived from the same progenitor cell as myoblasts
and osteoblasts, however, the possibility that connexins have a simi-
lar role in adipocyte differentiation has not been investigated.
Adipogenesis consists of two distinct phases: determination (or com-
mitment) and terminal differentiation. Determination involves the
commitment of a pluripotent stem cell to the adipocyte lineage,
which results in conversion of the stem cell to a preadipocyte. In
the second phase, terminal differentiation, the pre-adipocyte differ-
entiates into a mature adipocyte and displays the characteristics asso-
ciated with lipid transport and synthesis, the ability to respond to
insulin and the production of adipokines. Current understanding of
the molecular regulation of terminal differentiation has largely
been attained using cell lines such as 3T3-L1 cells that are already
committed to the adipogenic lineage. Differentiation of 3T3-L1 cells
occurs in four stages: pre-conﬂuent proliferation, conﬂuence, mitotic
clonal expansion and terminal differentiation [12]. The cells are
made permissive for differentiation by maintaining them in a conﬂu-
ent state for 2 days, and adipogenesis is then induced by addition of
an adipogenic andmitogenic cocktail containing dexamethasone, in-
sulin and methylisobutylxanthine [13]. Hormonal induction leads to
mitotic clonal expansionwhereby cells undergo one or two rounds of
mitosis over a 2 day period before terminally differentiating. Over
the subsequent 4 days, the morphology of the cells changes from ﬁ-
broblastic to spherical. In parallel, the cells accumulate lipid droplets
and secrete adipokines.
1732 A. Yeganeh et al. / Biochimica et Biophysica Acta 1823 (2012) 1731–1744Azarnia and Russell [14] ﬁrst reported that 3T3-L1 cells lose their
ability to communicate via gap junctions as they differentiate. Umezawa
and Hata [15] subsequently showed that expression of Cx43 is down-
regulated at the transcriptional level during adipogenesis in H-1/A
cells, a marrow stromal cell line that differentiates into adipocytes.
More recently, Yanagiya et al. [16] reported that functional gap junc-
tions are required for progression through a speciﬁc early stage of the
3T3-L1 preadipocyte differentiation program. However, there is cur-
rently no information regarding the role of Cx43 during the later stages
of adipogenesis, particularly adipocyte maturation. Furthermore, the
primary mechanisms that determine Cx43 subcellular location and
phosphorylation state, as well as modulate Cx43-associated inter-
cellular communication in the context of adipogenesis, have not been
investigated.
Studies in other cell systems have shown that at least ﬁve different
kinases target 12 or more serine and tyrosine residues within the reg-
ulatory C-terminal region of Cx43, including Src kinase, casein kinase
1 and p34cdc2. In addition, phosphorylation of Cx43 by mitogen acti-
vated protein kinase (MAPK) and protein kinase C (PKC) is required
to close the hemichannels [17]. Another kinase that targets the Cx43
C-terminus is protein kinase A (PKA), which is activated by cyclic
adenosine monophosphate (cAMP), one of the small molecules that
can pass through gap junctions. In addition, Dowling-Wariner et al.
[18] showed that Cx43 phosphorylation is necessary for differentia-
tion of a human neural-glial cell line (SVG). They showed that treat-
ment of SVG with PKA activators, such as forskolin or forskolin+3-
isobutyl-1-methylxanthine (MIX), can induce Cx43 phosphorylation
along with SVG differentiation.
Given these strong associations between Cx43 and cell differenti-
ation, we investigated for the ﬁrst time both Cx43 localization and
phosphorylation during 3T3-L1 adipogenesis. In addition, since the
level of Cx43 decreases as adipocytes mature, we examined the role
of proteasome activity in regulating Cx43 levels and the effects of
constitutive Cx43 expression on adipocyte differentiation.
2. Materials and methods
2.1. Cell culture and treatments
3T3-L1 cells purchased from ATCC and 3T3-L1 CARΔ [19] gener-
ously provided by David Orlicky (Department of Pathology, Universi-
ty of Colorado Health Sciences Center, Denver) were grown in DMEM
(Dulbecco's modiﬁed Eagle's medium). For 3T3-L1, 10% calf serum
was added to the medium in the growth stage and 10% FBS (fetal bo-
vine serum) during differentiation. In contrast, 10% HI-FBS (heat-
inactivated FBS) was used for 3T3-L1 CARΔ in both growing and dif-
ferentiating stages. The media were also supplemented with 20 mM
HEPES, 100 units/ml penicillin and 100 μg/ml streptomycin. To induce
differentiation, the cells were allowed to reach conﬂuence and, after
2 days, cells were placed into DMEM (10% FBS or 10% HI-FBS) sup-
plemented with 0.5 mM methylisobutylxanthine (MIX), 0.25 μM
dexamethasone (DEX) and 10 μg/ml insulin (INS). This was considered
day 0. After 2 days, the media were refreshed, but only 10 μg/ml insulin
was added. The media were refreshed every 48 hours until the end of
the experiment. Cells started differentiating on day 4. The cells could
be cultured up to day 12, although most experiments were terminated
by day 8.
2.2. Adenovirus infection
Adenovirus expressing Cx43 (Ad5.CMV.hCx43, Q Biogene) were
titrated using the tissue culture infectious dose (TCID) method
(Adeno-Quest™, Application Manual, Version 24AL98, Quantum Bio-
technologies INC. Montreal, Canada). The Cx43-expressing adenovi-
rus was applied to the 3T3-L1 CARΔ cells on day 0 (growth-arrested
stage) at the same time as the adipogenic cocktail. Control adenovirusexpressing GFP (Green Fluorescent Protein) (pAdeasy1/pshuttle
CMV-EGFP) were kindly provided by Dr. Jeffrey Wigle (University of
Manitoba). Expression of Cx43 was used to determine the efﬁciency
of infection. Twenty-ﬁve MOI (multiples of infectivity) were
employed in all experiments, since this was the most effective dose
and produced the least cell death.
2.3. Western blot analysis
Protein was extracted from 3T3-L1 and 3T3-L1 CARΔ cells at various
stages of differentiation by lysingwith 2× sodiumdodecyl sulfate (SDS)
sample buffer. The samples were brieﬂy sonicated to reduce viscosity
and 10 μg of lysate protein was applied to SDS-polyacrylamide gels,
transferred electrophoretically to PVDF (polyvinylidene diﬂuoride)
membranes and subsequently immunoblotted as described previously
[20]. All horseradish peroxidase (HRP) conjugated secondary antibodies
were used at a dilution of 1:10000 in TBST containing 1% BSA except
rabbit HRP, which was used at 1:15000 (only for the total Cx43 poly-
clonal antibody). The primary antibodies employed in this study include
rabbit anti-ACRP30 (adiponectin) (1:1000, Calbiochem), mouse anti-
smooth muscle alpha actin (1:1000, Sigma), rabbit anti-Cx43 total
(1:20000 [21]), rabbit anti-eEF2 (1:1000, Cell Signaling), mouse anti-
fatty acid synthase (FAS) (1:1000, BD Transduction Laboratory),
GAPDH (1:5000, Abcam), mouse anti-Oct-1 (1:500, Upstate) and anti-
IGF-1 receptor β (1:1000, Cell Signaling). The relative band intensities
were quantiﬁed by scanning densitometry with a model GS-800 Imag-
ing Densitometer (Bio-Rad Laboratories, Hercules, CA).
2.4. Immunoﬂuorescence microscopy
3T3-L1 or 3T3-L1 CARΔ cells were grown on coverslips and immu-
noﬂuorescence microscopy was conducted as previously described
[22]. Brieﬂy, cells were ﬁxed with fresh 4% paraformaldehyde, perme-
abilized with 0.1% Triton X-100 in PBS and after blocking with BSA
were incubated overnight at 4 °C in a moist chamber with the primary
antibody. This was followed by the secondary antibodies ﬂuorescein-
tagged donkey anti-rabbit Alexa 488 (1:500, Invitrogen) and Texas
Red-conjugated donkey anti-mouse (1:250, Jackson Lab), and Hoechst
33342 (diluted 1:40000 in PBS). The coverslips were subsequently
mounted (Bi∅Meda Corp.) and allowed to dry overnight. Negative con-
trols lacking primary antibody were processed similarly. The cells were
viewed and photographed using a Zeiss Axiovert 3.0 microscope. Axio-
vision Rel. 4.7 software was used to manipulate the captured images.
The primary antibodies used were anti-ACRP30 (1:400), mouse anti-
smooth muscle alpha actin (1:400), mouse anti-β-catenin (1:250,
Santa Cruz), rabbit anti-calnexin (1:150, Cell Signaling), goat anti-
calreticulin (1:400, kindly provided by Dr. N. Mesaeli [23]), rabbit
anti-Cx43 total (1:2000), mouse anti-Cx43 total (1:100, Transduction
Laboratory), mouse anti-unphosphorylated Cx43 (1:200, Zymed),
mouse anti-FAS (1:250) and mouse anti-GM130 (1:250, Santa Cruz).
2.5. Subcellular fractionation
Cytosolic, membrane/cytoskeletal and nuclear fractions of 3T3-L1
cells were obtained with the subcellular Proteome Extraction kit
(Calbiochem). Whole cell lysates were also collected for each condi-
tion. Western blotting (5 μg protein) was used to examine Cx43 con-
tent of each fraction in relation to speciﬁc marker proteins.
2.6. Laser scanning cytometry
The degree of association of Cx43 immunoﬂuorescence in individ-
ual adipocytes that express FAS was measured using an iCys research
imaging (laser scanning) cytometer (Compucyte Corp., Boston, MA,
USA). Cells grown on cover slips were ﬁxed, stained and mounted
to glass slides as described under Immunoﬂuorescence microscopy.
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1734 A. Yeganeh et al. / Biochimica et Biophysica Acta 1823 (2012) 1731–1744After primary antibody incubations, immunoreactive punctae of Cx43
and FAS expressing cells were labeled with Alexa 488- and Cy3-
conjugated secondary antibodies, respectively. Cell nuclei were sta-
ined directly with Hoescht 33342. For imaging, excitation of the chro-
mophores was achieved with 405 nm (nuclei and Cx43) and 488 nm
(FAS) laser lines. Emission was measured at 463±39 nm (blue chan-
nel, nuclei); 530±30 nm (green channel, Cx43) and 580±30 nm
(red channel, FAS).
Fluorescent imaging and quantitative ﬂuorescence measurements
were collected frommultiple scanﬁelds (200×192 μm;pixel resolutionDay -2
Day 0
Day 2
Day 8
TotalCx43 F
Day 4
Fig. 2. Phosphorylation and localization of Cx43 in the early stages of adipocyte differentia
differentiation as indicated on the left. The photos depict cells on day −3/−2 (growing), d
day 6 or 8 (differentiated). The pictures are representative of 3 independent experiments. (A
show the lipid droplets in differentiated cells on days 4 and 8 and the yellow arrows point t
unphosphorylated Cx43 antibodies and images of these individual antibodies were merged t
Arrows (day −3 merged) show the location of phosphorylated Cx43 (yellow). Bar, 2 μm (in
using a 40× objective.of 0.2×0.25 μm) on each sample, with cumulative scan areas from 3.4
to 7 mm2. For all analyses total ﬂuorescence was integrated within the
boundaries of regions of interest (contours) that were generated as
described hereafter. iCys software parameters for green channel
(Cx43) ﬂuorescence were quantiﬁed in a signal-dependant manner to
generate primary contours (regions of interest) that associated speciﬁ-
cally with the punctate immunoﬂuorescence pattern for Cx43 in indi-
vidual cells. Red channel ﬂuorescence (FAS) was quantiﬁed using a
“Phantom contour” protocol in which 8 μm diameter circular contours
(phantoms) were arranged as a non-overlapping lattice over theAS Merged
tion. Immunoﬂuorescence staining was performed on ﬁxed cells at different stages of
ay 0 (growth arrested), day 2 (mitotic clonal expansion), day 4 (mid-differentiation),
) Total Cx43 is indicated in green, FAS in red and the nuclei are blue. The white arrows
o perinuclear Cx43 staining on day 4. (B) The cells were co-stained with total Cx43 and
o identify phosphorylated Cx43. Green is total Cx43 and red is unphosphorylated Cx43.
dicated on day−23 merged image), is applicable to all panels. Images were captured
Day -3
Day 0
Day 2
Day 6
Control
Total Cx43 Unphosphorylated
Cx43
Merged
Fig. 2 (continued).
1735A. Yeganeh et al. / Biochimica et Biophysica Acta 1823 (2012) 1731–1744whole scan area, allowing for the quantiﬁcation of Cy3 ﬂuorescence
within the scan area at regularly spaced coordinates. Spatial overlap of
individual primary (Cx43) and phantom contours (FAS) was deter-
mined using iCys software. Threshold ﬂuorescence for regions of
“high” or “low/negative” FAS (red) ﬂuorescence, respectively, were
identiﬁed from frequency histograms of cells labeled with or without
(primary omission) primary antibody included.2.7. Statistical analysis
Data are presented as mean±SEM (standard error of the mean).
Statistical analysis was performed using one way analysis of variance
(ANOVA) using SAS program (SAS Institute Inc, NC, USA), as indicated
in the ﬁgure legends. All experiments were independently repeated
at least 3 times. Signiﬁcant differences among group means weredetermined with Duncan's Multiple Range test. Differences were con-
sidered statistically signiﬁcant at Pb0.05.
3. Results
3.1. Expression of Cx43 during 3T3-L1 differentiation and in adipose
tissue
To examine the expression of total Cx43 during adipogenesis, 3T3-
L1 cells were differentiated as described under Materials and
methods via addition of an adipogenic cocktail containing INS, DEX
and MIX to cells that had been conﬂuent for 2 days [15]. Progression
of 3T3-L1 differentiation involves passage over a period of 8 days
through four distinct stages, pre-conﬂuent proliferation, conﬂuence,
mitotic clonal expansion and terminal differentiation [14], which
can be distinguished by monitoring cell morphology, accumulation
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Fig. 3. Subcellular fractionation of 3T3-L1 cells during adipogenesis. (A) Representative Western blot of subcellular fractions obtained from 3T3-L1 cells on day−3 (growing), day
0 (growth arrest), day 2 (mitotic clonal expansion), day 4 (mid-differentiation) and day 8 (fully differentiated) for total Cx43. (B) Western blot of 3T3-L1 cell fractions, probed with
different markers for each fraction. α actin=cytoskeleton, IGF-1 receptor β=membrane, GAPDH=cytosol and OCT-1=nucleus. (C) Western blot of undifferentiated 3T3-L1 frac-
tions on days 2 and 8, probed for total Cx43. (D) 3T3-L1 cells were ﬁxed on day 2 and subsequently examined by immunoﬂuorescence microscopy for total Cx43 (green) and either
β-catenin or α-actin (red). Areas of overlap between β-catenin/α-actin with Cx43 are indicated by the arrow 2 on the merged pictures. Bar, 10 μm (indicated on merged images), is
applicable to all panels. Images were captured using a 40× objective.
1736 A. Yeganeh et al. / Biochimica et Biophysica Acta 1823 (2012) 1731–1744of lipid droplets and secretion of adipokines. The Cx43 content from
days −3 to 8 was determined by Western blotting with an antibody
that detects both phosphorylated and unphosphorylated Cx43
(Fig. 1A, B). Cx43 displays an apparent electrophoretic mobility at
41–45 kDa, with non-phosphorylated (or minimally phosphorylated)
Cx43 at 41 kDa (P0), and increasingly phosphorylated Cx43 at
>41 kDa (P1, P2). Preadipocytes on days−3 and−2 have high levels
of total Cx43 (both P0 and P1-P2 bands) and the levels decreased
slightly by day 0 (2 days post-conﬂuence). In contrast, the amount
and phosphorylation of Cx43 was markedly increased in adipocytes
2 days after triggering differentiation (P=0.001, n=5) (Fig. 1A, B).
Subsequently, levels of total as well as P1–P2 Cx43 decreased as adi-
pocyte differentiation proceeded and by day 4 (early differentiation)
P1–P2 Cx43 were no longer detectable. Likewise, P0 Cx43 also de-
creased compared to day 2 (P=0.001, n=5), however, it likely remained
detectable in day 8 cultures due to the presence of preadipocytes, since10–20% of these cells typically do not differentiate [24]. In these experi-
ments, we used ACRP30 as a marker for adipocyte maturation; its ex-
pression was ﬁrst detected in 3T3-L1 cells on day 2 (completion of
mitotic clonal expansion) and was maximally expressed from early-
differentiation (day 4) until the experiment was terminated when adi-
pocytes were fully differentiated (Fig. 1A). Collectively, these data show
that an increase in Cx43 and its phosphorylation precedes adipocyte dif-
ferentiation and these are down-regulated as adipogenesis proceeds. In
parallel, the same experimentwas donewith undifferentiated cells, and
these data showed that there was no increase in Cx43 after day
0 (Fig. 1A, B). The lack of adiponectin indicated these cells had not dif-
ferentiated (Fig. 1A).
To conﬁrm that Cx43 abundance is in fact low in mature adipo-
cytes in situ, we also examined total Cx43 in protein extracts prepared
from the perirenal adipose tissue of 15-week-old male lean Zucker
rats (kindly provided by Dr. C. Taylor, University of Manitoba). Cx43
Day 0
A
Day 4
Day 2
B
Total Cx43 GM130 Merged
Calnexin Total Cx43 Merged
Calnexin Total Cx43 Merged
Total Cx43 GM130 Merged
Total Cx43 GM130 Merged
Calnexin Total Cx43 Merged
C
Fig. 4. Adipogenesis inﬂuences subcellular location of Cx43. 3T3-L1 cells were ﬁxed on (A) day 0 (growth arrested), (B) day 2 (mitotic clonal expansion) and (C) day 4 (mid-
differentiation) and subsequently co-stained with calnexin (ER marker, green, upper row) and total Cx43 (red, upper row), or co-stained with GM130 (Golgi marker, red, lower row)
and total Cx43 (green, lower row). The last image on each panel is a merger of the ﬁrst two images, with arrows showing areas of overlap between Cx43 and the ER and Golgi markers.
The images are representative of the results obtained from two independent experiments. Bar, 2 μm (indicated on ﬁrst merged image), is applicable to all panels. Images were captured
using a 40× objective.
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Fig. 5. Effect of MG132 on adipogenesis and Cx43 level and phosphorylation. 3T3-L1 cells were treated with 5 μMMG132 for 48 h (A) on days 0 2 and 8 of differentiation. The cells
treated with MG132 on day 0 and lysed after 48 hours are designated day 2 samples. Likewise cells treated on day 2 and lysed on day 4 are day 4 samples, and mature adipocytes
treated on day 8 and lysed on day 10 are day 10 samples. Western blotting shows the level of total Cx43, ACRP30 (adipocyte marker), perilipin (lipid droplet protein) and β-tubulin
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bands on the different gel are reasonably comparable. The ﬁgure is representative of at least three independent experiments.
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of 3T3-L1 cells treated with adipogenic cocktail was used as a positive
control). Although a longer exposure time revealed Cx43 was present,
it is plausible that this low level of Cx43 is due to the presence of
other cell types in adipose tissue that contain Cx43 (Fig. 1C). Further-
more, immunoﬂuorescence labeling of perirenal adipose tissue sec-
tions for Cx43 antibody revealed the degree of staining was not
different from the negative control (lacking primary antibody)
(Fig. 1D). A section of adipose tissue that included a blood vessel
was chosen as the positive control. Since vascular smooth muscle
cells express both Cx43 and smooth muscle α-actin, dual staining of
Cx43 and smooth muscle-actin was performed. The micrograph
shows that Cx43 is present within vessels that are actin positive,
but not in the adipocytes that are actin negative (Fig. 1D).
3.2. Expression and localization of Cx43 during adipogenesis
Immunocytochemistry was performed on 3T3-L1 cells undergoing
adipogenesis. Speciﬁcally, cultures were assessed at multiple stages:
preadipocytes (growing (day−2) and growth arrested (day 0)); mi-
totic clonal expansion (day 2); mid-differentiation (day 4); and fully
differentiated (day 8). Cells were labeled for Cx43 and for FAS, with
the latter used as a marker for mature adipocytes (Fig. 2A).
In preadipocytes (days−2 and 0), Cx43was abundant and localized
to punctate bodies that were most abundant near the nucleus on day
0 (Fig. 2A). In contrast, in cultures where cells were undergoing mitotic
clonal expansion and FAS expression was visible in some cells (day 2),
punctate Cx43was found primarily on the periphery of the cells. Amar-
ked change in staining occurred as cells underwent differentiation and
accumulated FAS; speciﬁcally, the punctate staining was lost and be-
came relatively low. At mid-differentiation, coalesced patches of
perinuclear Cx43 staining were visible (yellow arrows), but these
were absent in fully differentiated adipocytes. These data reveal that,
as preadipocytes mature into adipocytes, both the amount of Cx43
and its location in gap junctions (punctate staining pattern [22]) de-
creases (Fig. 2A). As the negative control shows, background staining
in both the total Cx43 and FAS images could explain the presence ofthe light yellow color in themature day 8 cells that express FAS. This ex-
periment also conﬁrmed that not all cells differentiate and that the low
levels of Cx43 seen on day 8 (Fig. 1A) are due to the preadipocytes that
remain.
To examine the phosphorylation status of Cx43 during adipogenesis,
immunoﬂuorescence staining was performed with a rabbit poly-
clonal anti-Cx43 antibody that detects total (phosphorylated and
unphosphorylated) Cx43 and a mouse monoclonal antibody that de-
tects only the unphosphorylated Cx43(P0). In our case, the green
color represents total Cx43 (phosphorylated+unphosphorylated)
while the red color is indicative of unphosphorylated Cx43. The yellow
color therefore corresponds to phosphorylated Cx43. This distinction
relates to the properties of the antibodies and the forms of Cx43 they
recognize and is described in more detail in an earlier publication
[22]. The unique properties of these antibodies make it necessary to
use dual staining to localize the phosphorylated forms of Cx43 within
the cell. Consequently, matched images of cells labeled with each indi-
vidual antibody were merged, resulting in differential labeling of the
unphosphorylated (yellow) and phosphorylated (green) Cx43. Our
analyses show that preadipocytes contain both phosphorylated and
unphosphorylated Cx43 (Fig. 2B), as yellow and green are both visible
in themerged picture. Cx43 phosphorylation increased in the conﬂuent
cells (day 0) and during the mitotic clonal expansion phase (as ob-
served in Fig. 1). In mature (day 6) adipocytes, however, Cx43 is only
present in its unphosphorylated form as indicated by the absence of
green, which represents Cx43 phosphorylation in the merged picture.
These data establish that on day 2 of differentiation Cx43 becomes
phosphorylated and localizes to the cell periphery, likely due to incor-
poration into gap junctions.
3.3. Subcellular localization of Cx43 during adipogenesis
Since the pattern of immunoﬂuorescence staining suggests that
Cx43 localization changes during adipocyte differentiation (Fig. 2A,
B), we next used subcellular fractionation and immunoblotting to
more clearly determine which cellular compartment(s) contained
Cx43 at different stages of adipogenesis. Fractions of 3T3-L1 cells
1739A. Yeganeh et al. / Biochimica et Biophysica Acta 1823 (2012) 1731–1744were prepared from growing (day−3), growth arrested (day 0), mi-
totic clonal expansion (day 2), mid-differentiation (day 4) and differ-
entiated (day 8) cells. To serve as non-differentiated controls, we also
prepared cell fractions from post-conﬂuent cultures maintained in
growth media that was not supplemented with pro-adipogenic cock-
tail. These control cells were lysed either 2 or 8 days after their day
0 counterparts. Immunoblotting indicated that the total abundance
of Cx43 was markedly reduced during differentiation. On the other
hand, the relative subcellular localization of the protein remained
more-or-less consistent, being principally enriched in cytoskeleton/
membrane fractions characterized by high levels of IGF-1 receptor β
(Fig. 3A and B). The same pattern was present in control
undifferentiated 3T3-L1 cells (Fig. 3C).
Although the kit employed for subcellular fractionation was
designed to separate the cytoskeletal fraction from the membrane
fraction, we found cross-contamination between these fractions
(the membrane marker, IGF-1 receptor β, was present in both frac-
tions). For this reason, the cytoskeletal fraction was termed the cyto-
skeletal/membrane fraction in Fig. 3. To resolve this issue of
membrane versus cytoskeletal localization, co-staining for total
Cx43, α-actin (cytoskeleton marker) and β-catenin (plasma mem-
brane marker) was performed using cells on day 0 or 2 of differenti-
ation. In the merged images we observed no overlap between actin
ﬁbers and Cx43, thus indicating Cx43 was not associated with micro-
ﬁlaments (Fig. 3D). In contrast, Cx43 and β-catenin were overlapped,
thus establishing that Cx43 is enriched in the plasma membrane frac-
tions of these cells (Fig. 3D). However, in apparent contrast to these
data are our immunocytochemistry analyses (Fig. 2A) that clearly
show the distribution of Cx43 changes markedly with differentiation.
These paradoxical observations suggest that in addition to the
plasma membrane Cx43 might also be associated with one or more
membranous organelles, such as the Golgi apparatus or the endoplas-
mic reticulum (ER). To address this issue, 3T3-L1 cells were co-
stained on day 0 (growth arrested), day 2 (mitotic clonal expansion)
and day 4 (mid-differentiation) for Cx43 and speciﬁc markers of the
Golgi (GM130) and ER (calnexin). On day 0, colocalization with cal-
nexin established that Cx43 was localized to the ER, whereas the pro-
tein did not appear to be associated with GM130-labelled Golgi
membranes (Fig. 4A). Notably, 2 days after adding adipogenic medi-
um, when Cx43 abundance and phosphorylation was at its highest
(Fig. 1A) and was enriched in the membrane fraction (Fig. 3A), we ob-
served only weak staining of Cx43 in the Golgi and ER suggesting it
was present predominantly in the plasma membrane (Fig. 4B). On
day 4 (early differentiation), when Cx43 abundance and phosphory-
lation waned (Figs. 1A and 3A), staining for Cx43 in both the Golgi
and ER compartments became more prominent again (Fig. 4C). On
day 8, morphogenesis to a differentiated adipocyte replete with
lipid droplets was associated with the abrogation of ER and Golgi-
associated Cx43 staining (not shown).
3.4. Cx43 regulation during adipogenesis
To examine the contribution of the proteasome pathway to the dis-
appearance of Cx43 in the latter stages of adipogenesis, 3T3-L1 cells
were treated for 48 hours with 5 μM of MG132 (Z-Leu-Leu-Leu-CHO),
a proteasome inhibitor. The compound was added at different times
during differentiation: days 0, 2, 4, 6 and 8. Dose and timewere assessed
in pilot experiments to determine the optimum treatment conditions
(not shown). Addition of MG132 to preadipocytes (days 0 and 2) for
48 hours resulted in an elevation of total Cx43 (both phosphorylated
and unphosphorylated forms) (Fig. 5A). MG132 treatment concomi-
tantly prevented the increase in proteins (adiponectin, perilipin) typi-
cally seen in mature adipocytes (Fig. 5A), which suggests this
compound blocked adipogenesis. MG132 treatment of mature adipo-
cyte (day 8) likewise caused an increase in total Cx43 (both phosphor-
ylated and unphosphorylated forms), which closely resembled thepattern seen in growth-arrested preadipocytes (day 0) (Fig. 5A). In
parallel, inhibition of proteoasome activity on day 8 caused a reduction
in the level of adiponectin (Fig. 5A), indicative of a reversion towards
the preadipocyte stage. Similar results were obtained with days 4 and
6 cells (data not shown). These data suggest that the reduction of
Cx43 levels and Cx43 phosphorylation during differentiation after day
3 is necessary both for adipogenesis and for preserving the mature adi-
pocyte phenotype. Although there are reports that indicateMG132 pro-
motes cell death [25,26], the fact that the level of β-tubulin did not
change makes this possibility unlikely in these experiments, and this
conclusion was supported by the fact both cell number and cell mor-
phology was unaffected after treatment for 48 hours with MG132
(Fig. 5B).
3.5. Effect of constitutive expression of Cx43 during adipogenesis
Since Cx43 decreased in cultures after the clonal expansion phase
and our studies using a proteoasome inhibitor suggest Cx43 down-
regulation is linked to adipocyte differentiation, we next investigated
whether selective induction of Cx43 expression was sufﬁcient to
modulate adipogenesis. Adenoviral infection of 3T3-L1 cells is inefﬁ-
cient [27], thus we employed 3T3-L1 CARΔ cells that express a gene
encoding the coxsackie and adenovirus receptor (CAR) [19], a modiﬁ-
cation that imparts much improved adenovirus infection efﬁciency
relative to 3T3-L1 cells. Preliminary experiments in which Ad. CMV-
hCx43 adenovirus was applied at 0, 25, 50 and 100 MOI established
that 25 MOI provided the greatest expression of Cx43 without causing
cell death (data not shown).
Two-day post-conﬂuent 3T3-L1 CARΔ cells (day 0) were treated
with adipogenic medium and concurrently infected with Ad5.CMV-
hCx43. Controls were treated with the same cocktail and infected
with GFP adenovirus. The experiment was terminated by addition of
lysis buffer to cells on days 0, 2, 4 and 8, and differentiation was quan-
tiﬁed by immunoblotting for adiponectin. Day−2 cells were used as
a growing stage control in this experiment. Infection with Ad5.CMV-
hCx43 increased the Cx43 content of the cells within 2 days, reaching
a maximumwithin 4 days and remaining elevated for the 8-day dura-
tion of the experiment (Fig. 6A). While 37% of the cell population
expressed higher amounts of Cx43 (measured by counting cells sta-
ined for total Cx43 on 4 different ﬁelds, repeated on 4 separate occa-
sions), immunoblotting was unable to detect a signiﬁcant change in
adipokine production in the cultures as a whole (Fig. 6A). Moreover,
it was not possible to use a higher MOI of Ad5.CMV-hCx43 to increase
infection efﬁciency (which was 37%) as cell toxicity became excessive
(this is a characteristic of adenoviral treatment also seen with skeletal
myoblasts [28]). Therefore, to overcome the limitations of using
Western blotting to assess potential changes in expression in only a
sub-population of the cells, we next employed immunoﬂuorescence
labeling to examine the expression of differentiation markers on a
cell-by-cell basis after Ad5.CMV-hCx43 infection. This analysis specif-
ically used cells that had been maintained for 8 days in differentiation
medium (i.e. 8 days after adenovirus infection). Foci of Cx43 immu-
nolabelling were localized to the periphery of the infected cells and
non-punctate staining was also evident, appearing to be present in
the cytoplasm (Fig. 6B). Unlike GFP infected cells, which expressed
GFP in differentiated cells that contained lipid droplets (Fig. 6C), visu-
al inspection of Ad5 CMV-Cx43 infected cells showed that the cells
expressing Cx43 did not express FAS and did not contain lipid drop-
lets (Fig. 6D). To conﬁrm these visual observations, the total number
of Ad5 CMV-Cx43 infected and FAS expressing cells were counted on
3 different 200×192 μm2 ﬁelds (Fig. 6E). This approach revealed that
among the Ad5 CMV-Cx43 infected cells only 1.6±0.3% expressed
FAS and none contained lipid droplets.
To objectively quantify the immunoﬂuorescence data, we
employed laser scanning cytometry (LSC) of infected and wild type
cells on day 8. LSC analysis enabled identiﬁcation of individual Cx43
1740 A. Yeganeh et al. / Biochimica et Biophysica Acta 1823 (2012) 1731–1744punctae (Fig. 7A, B, D, E) in uninfected and Cx43-adenovirus infected
3T3-L1 CARΔ. In addition, by overlaying a matrix of phantom con-
tours using CompuCyte LSC software (see Materials andmethods), in-
dividual cells in which FAS was present (FAS +'ve) and absent (FAS
–'ve) could be discriminated (Fig. 7C, F). We ﬁrst used LSC to deter-
mine the impact of Ad5 CMV-Cx43 infection on the number of Cx43
punctae in individual cultures, and found infection led to a 2.8-fold
increase compared to wild type 3T3-L1 CARΔ cells (Fig. 7G). Frequen-
cy distribution data for FAS positive and FAS negative regions were
determined and plotted as a histogram for both wild type uninfected
and Ad5 CMV-Cx43 infected 3T3-L1 CARΔ cells (Fig. 7H). We next
assessed the frequency association of Cx43 punctae with cellular re-
gions of FAS staining (Fig. 7H). Frequency histograms clearly show
that Cx43 events associate readily with FAS negative regions, whereas
Cx43 punctae are 75–85% less frequent in regions where positive la-
beling for FAS was obtained (Fig. 7I). This frequency association was
a characteristic of both wild type and Ad5 CMV-Cx43 infected 3T3-
L1 CARΔ cultures. Collectively, these data conﬁrm the ﬁndings of
Fig. 6 and demonstrate that expression of FAS in individual cells is in-
versely correlated with the presence of Cx43 punctae.
4. Discussion
This investigation is the ﬁrst to report that failure to reduce Cx43
levels after the mitotic clonal expansion stage blocks differentiationA
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distribution closely correlated with phosphorylation state. As a result,
we propose that Cx43 has two critical functions: 1) making pre-
adipocytes permissive for differentiation, and 2) enabling adipocyte
maturation.
We have demonstrated that Cx43 expression undergoes major
changes during adipogenic differentiation: its expression was robust-
ly increased 2 days after addition of the adipogenic cocktail during
clonal induction and, as reported by others [16], Cx43 levels de-
creased as 3T3-L1 cells differentiated into mature adipocytes. In
agreement with our cell culture data, we showed that Cx43 is not de-
tectable in adipose tissue. During clonal induction, Cx43 is in a highly
phosphorylated state (indicated by bands at P1-P2) and this is likely
associated with an increase in gap junction communication [14]. Sub-
sequently, as adipocytes start to differentiate, a process that can be
recognized by morphological changes and lipid droplet accumulation,
Cx43 abundance is markedly reduced. A decrease in relative levels of
P1-P2 Cx43 precedes the decline in total Cx43, and is closely coupled
to changes in its subcellular compartmentalization (Fig. 4). Cx43 mi-
grated from the endoplasmic reticulum in preadipocytes to the plas-
ma membrane of cells in the early stages of differentiation, likely in
response to changes in its phosphorylation as indicated by a relativeorylated Merged
8 2 4 8
GFP-Ad
37kDa
37kDa
37kDa
26kDa
49kDa
CARΔ cells were infected on day 0 with Ad5 CMV-Cx43, and Western blotting was used
d), day 2 (mitotic clonal expansion), day 4 (mid-differentiation) and day 8 (differenti-
. GAPDH was used as the loading control. The ﬁgure is representative of 3 independent
ted with Ad5 CMV-Cx43 were co-stained for total Cx43 (green) and unphosphorylated
merged picture indicate the location of the phosphorylated form of Cx43 (green); the
ed is not visible because it overlaps completely with total Cx43. Bar, 2 μm (indicated
re infected on day 0 with adenovirus carrying GFP. The cells were ﬁxed on day 6 and
rrows signify GFP-negative spherical cells with lipid droplets and white arrows indicate
n) and FAS (red) in 3T3-L1 cultures 6 days after infectionwith Ad5 CMV-Cx43. (E)Number
ith Ad5 CMV-Cx43 was determined in 3 different 200×192 μm ﬁelds.
CD
Total Cx43 FAS Merged
0
50
100
150
200
250
N
um
be
r o
f c
el
ls
E
Cx43 Cx43 + FAS Cx43 + LD
Fig. 6 (continued).
1741A. Yeganeh et al. / Biochimica et Biophysica Acta 1823 (2012) 1731–1744increase in P2. Subsequently, Cx43 relocates to the ER as the adipo-
cytes mature and then undergoes proteasomal degradation. This
change in subcellular location likely explains how functional gap
junctions could be transiently generated during initiation of adipo-
cyte differentiation, which is essential in the early stages of this pro-
cess [16,29].
To date, only a few studies have shown an association between gap
junction communication and differentiation, focusing primarily onmyo-
blasts, osteoblasts and keratinocytes [8–11]. For instance, Balogh et al.
[8] showed that a decrease in Cx43 expression was correlated with ratL6 myoblast differentiation. Likewise, Lecanda et al. [9] demonstrated
that Cx43 modulates the expression of speciﬁc osteoblastic gene prod-
ucts by regulating the transcriptional activity of their promoters. The
fact that adipocytes, myoblasts and osteoblasts differentiate from a com-
mon mesenchymal progenitor cell [30] suggests that gap junction com-
munication via Cx43 expression and/or phosphorylation could have a
vital role during adipocyte differentiation. Indeed, several studies have
conﬁrmed there exists a relationship between Cx43 and adipogenesis
[15,16]. Yanagiya et al. [16] established that an increase in Cx43 and gap
junction communication is required for mitotic clonal expansion during
1742 A. Yeganeh et al. / Biochimica et Biophysica Acta 1823 (2012) 1731–1744adipogenesis by showing that 3T3-L1 preadipocytes fail to differentiate in
the presence of the gap junction inhibitor 18-α glycyrrhetinic acid (AGA).
The phosphorylation state of Cx43 is a critical determinant of gap
junction function [29,31,32]. Cx43 can be phosphorylated at several
residues, thus giving rise to multiple electrophoretic species on SDS-
polyacrylamide gels [29]. These modiﬁcations are linked to the regu-
lation of and by Cx43, likely by inﬂuencing the subcellular localization
of Cx43, which is a key element in the formation of functional gap
junctions. Ours are the ﬁrst results to show that the subcellular local-
ization of Cx43 also changes in 3T3-L1 as differentiation proceeds,
and that its intracellular movement is closely linked to phosphoryla-
tion state. While it can be argued that the phosphorylated forms of
Cx43 are present on plasma membrane as gap junction channels,D
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1743A. Yeganeh et al. / Biochimica et Biophysica Acta 1823 (2012) 1731–1744In agreement with this ﬁnding, constitutive expression of Cx43 during
days 4 to 8 of 3T3-L1 CARΔ differentiation via adenoviral infection, the
period during which the levels of Cx43 normally decrease, also
blocked adipogenesis as indicated by markers of adipocyte maturity
and the presence of lipid droplets (Figs. 6 and 7). In both experiments,
inhibition of proteasome activity by MG132 and constitutive expres-
sion of Cx43 via adenovirus resulted in an increase in phosphorylation
of Cx43 as shown in Figs. 5 and 6A, B. These results support the view
that the phosphorylation state of Cx43 is a critical factor in
adipogenesis. The fact that cells constitutively expressing Cx43 could
not effectively differentiate to adipocytes represents themajor ﬁnding
of this investigation. This then leads to the conclusion that down-
regulation of Cx43 during adipogenesis is essential for progression to
the mature adipocyte. Furthermore, the continued presence of phos-
phorylated Cx43, whether due to adenoviral expression or as a result
of proteasome inhibitor treatment, in conjunction with its presence
in the plasma membrane, suggests that functional gap junctions
were likely present. Consequently, as shown by Yanagiya et al. [16],
it is the presence of active gap junctions that negatively impacts on
the differentiation process. Further investigation is therefore
warranted to identify the mechanism of Cx43 action on adipocyte dif-
ferentiation and to examine the relationship between Cx43 phosphor-
ylation, gap junction activity and protein degradation within the
context of adipogenesis.
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